True stress (·)true strain (¾) relationships until just before fracture, i.e., the plastic deformation limit, were estimated by the stepwise tensile test and the Bridgman equation for various metals and alloys with different crystal structures. The estimated ·¾ relationships were different from the nominal stressstrain curves including the conventional tensile properties. In the relationships between the true stress (· pdl ) and true strain (¾ pdl ) at the plastic deformation limit, SUS304 and SUS329J4L indicated a better · pdl ¾ pdl balance. On the other hand, SUS329J4L, tempered martensite, and an ultrafine-grained steel showed superior results in the yield strength¾ pdl balance. The estimated ·¾ relationship for the ultrafine-grained steel suggests that grain refinement strengthening can improve · and ¾ up until the plastic deformation limit. The value of ¾ pdl became larger with increasing the reduction in area and a decrease in the fracture stress. The products of · pdl and ¾ pdl became larger with increasing work-hardening rate at the plastic deformation limit.
Introduction
Stressstrain relationships play an important role in the discussion of plastic deformation behavior of various materials, and a tensile test to obtain the stressstrain relationship has been widely used as a representative mechanical test. 1, 2) The mechanical properties of ultrafinegrained materials have also been investigated by using stress strain curves. 38) In the tensile tests, nominal stressnominal strain curves, which can be obtained by load and elongation, are usually shown. Local and total elongations largely depend on the gage length.
911) On the other hand, true stress (·) and true strain (¾) are real indicators of mechanical behavior and are more important than the nominal stress and nominal strain in understanding the plastic deformation behavior up until fracture. However, it is difficult to measure · and ¾ after necking in conventional tensile tests. 1, 12) In tensile tests using round test specimens, the state of stress changes from uniaxial tension to a complex triaxial tension condition as the neck develops in local deformation. 12, 13) Some approximate solutions to estimate · in the neck of round bars have been presented. 1, 12) Bridgman 12, 13) studied large plastic flow and fracture, and he proposed an approximate expression to estimate · during local deformation after necking in order to investigate the effects of hydrostatic pressure on local elongation from the standpoint of fracture. Marshall and Shaw 14) examined the equation for · derived by Bridgman and found that it was applicable for low alloyed steel and copper, and this equation is referred to in various papers. 12, 15, 16) Recently, Enami et al. 1719) investigated the ·¾ relationship after necking for low carbon steels by using the Bridgman equation and a stepwise tensile test for a smooth round specimen. As a result, · and the necking ratio change were evaluated as a function of ¾ (up to a value of approximately 1.0). The value of · usually continues increasing during tensile deformation, 1, 2) but Enami et al. 17, 18) reported that the estimated · decreased just before fracture. In this study, the point just before fracture, in which · starts decreasing, is called the plastic deformation limit and is considered as the initiation point for fracture. 12, 13) The ·¾ relationship up to the plastic deformation limit can be estimated by combining the stepwise tensile test and the Bridgman equation. 17, 18) Materials, such as steels, are deformed until large true strains of more than 1.0 occur in plastic working processes, 10, 20) and the deformation behavior at high strains is also of great importance for bulk nanostructured metals because of severe plastic deformation procedures. 21, 22) However, there is little data for the ·¾ relationship up until fracture in various materials. 1214, 20) Comparisons of the ·¾ relationships among materials and the effects of strengthening mechanisms on the ·¾ relationship also have not been reported previously. In studying bulk nanostructured metals, the effect of grain refinement strengthening on the ·¾ curve should be clarified. In studies of the mechanical properties of ultrafine-grained steels, not only high strength but also good ductility 2326) and bending properties 9) have been reported. These must be associated with the local deformation behavior. Procedures for understanding the deformation behavior until fracture, regardless of the specimen size, are necessary because the local elongation is dependent on the specimen size.
911) In addition, arrangements of mechanical properties using · and ¾ at the plastic deformation limit are not observed because the yield strength, tensile strength, total elongation, and so on, are usually used. 26, 27) The present paper aims at revealing estimated ·¾ relationships up until the plastic deformation limit in various metals and alloys with different crystal structures. The stepwise tensile test to obtain the ·¾ relationship until just before fracture was also conducted by using an ultrafinegrained low-carbon steel with a ferrite grain size of less than 2 µm. 8) By using the experimental results, we try to summarize the tensile properties from the standpoint of the ·¾ relationship and discuss the differences with conventional tensile properties.
Experimental Procedures
In this study, various commercial materials with different crystal structures were used, and most of them were subjected to heat treatment, as shown in Table 1 . Some data refer to experimental results from a previous study, 17, 18) and the specimen ufg-FC is the ultrafine-grained ferrite-cementite steel with an average ferrite grain size of 1.5 µm. 8) By using these materials, static tensile tests and stepwise tensile tests in order to obtain · and ¾ until just before fracture were conducted. 17) Round tensile test specimens with a gage length of 40 mm and gage diameter of 8 mm were prepared from the materials. Static tensile tests were performed with an initial strain rate of 5 © 10 ¹4 s ¹1 (the constant crosshead speed of 0.02 mm/s) at 296 K by using a gear-driven type Instron machine. In the stepwise tensile test, the load (P), radius of the neck section (a), and the radius of curvature of the neck profile (R) were measured during the temporary stops of the tensile test. 12, 17) In the measurements of R, the contour of the necked region was approximated by the arc of a circle.
14) The change of estimated · by the measurement deviation of R was within approximately 10 MPa.
Estimations of True Stress and True Strain during Tensile Deformation
True stress (·) and true strain (¾) are usually calculated by using the following equations:
where s and e are the nominal stress and nominal strain, respectively. Equations (1) and (2) are valid only as long as the deformation is uniform. After necking starts, in the case of round specimens, the radius of the neck cross section or the cross-sectional area must be measured independently to calculate ¾ as,
where a is the minimum radius of the neck cross section, and a 0 is the initial radius of the cross section. 12, 13) On the other hand, the state of stress at the center of a neck is not uniaxial tension, and thus, a stress distribution across the neck appears.
12) Figure 1 shows a schematic illustration of the stress distribution in the neck of a round tensile test specimen. Here, · xx , · yy , · zz are the true principal stress in the radial, tangential, and axial directions, respectively. Bridgman 12, 13) assumed the following conditions to obtain an approximate expression for · after necking in round test specimens. Equation (4) is assumed to have rotational symmetry about the longitudinal axis, and eq. (5) means · is equal to the equivalent stress by the von Mises plasticity condition. By using eqs. (4) and (5), the following equation is obtained for the axial stress.
12,17)
This indicates that the stress at any point can be considered to be composed of a uniform true stress (·) and a nonuniform hydrostatic tension (· xx ) as seen in Fig. 1 . At the external surface, · zz is equivalent to · because the stress component of · xx is zero at the neck. 12, 13) Thus, the stress equation can be described by the single component · xx through
where x is the radial distance in the minimum section of the neck, and R is the radius of curvature of the neck profile. By solving eq. (7), · xx and · zz are given by the following equations,
As seen in Fig. 1 , the average stress (· av. ) is described by,
where P is the load and is given by the following equation using the eq. (9),
Therefore, a simple way to determine · is proposed by using the following equation,
It is possible to use eqs. (3) and (12) to estimate ¾ and · up until the plastic deformation limit by using the values of R, a, and P obtained in the stepwise tensile tests. 17) The validation of eq. (12) was examined by Marshall et al. 14) who investigated the effect of the neck profile radius on the ·¾ curves. Figure 2 shows representative nominal stressstrain curves of various metals and alloys. The mechanical properties obtained by static tensile tests are summarized in Table 2 . Here, the yield strength for QT1, FP2 and ufg-FC steels means lower yield stress and those for other materials are 0.2% proof stress. In the present experimental results, tempered martensite (QT3) displayed the largest strength, while aluminum (Al) showed the smallest strength. Figures 3  and 4 show uniform and total elongations as a function of normalized yield strength (· y /E) and tensile strength (· B /E) where E is Young's modulus, respectively. The uniform and total elongations decreased with increasing · y /E and · B /E.
Results and Discussion

Nominal stressstrain curves and their static tensile properties
27)
In Figs. 2 and 3 , the 304, 310S, 329J4L steels and Ti indicated a better balance of strength and elongation.
4.2 True stresstrue strain relationships up until the plastic deformation limit Figure 5 shows estimated ·¾ relationships obtained by the stepwise tensile tests and the Bridgman equation in various metals and alloys. 17) In this figure, the curves are calculated by using eqs. (1) and (2), and plots of ¾ and · are estimated by eqs. (3) and (12) . The ·¾ relationships with ¾ larger than approximately 1.0 were obtained, and the true strains at the plastic deformation limit (¾ pdl ) were more than three times the uniform elongation in most cases. In the nominal stressstrain curves in Fig. 2 , the uniform or total elongation typically became smaller with increasing strength. However, the estimated ·¾ relationships with a wide · range or strength were obtained despite ¾ pdl being almost the same value (1.7). In the comparisons between the tensile properties of ufg-FC and FP2, which were prepared from the same low carbon steel, the total elongation of ufg-FC was smaller than that of FP2 (Fig. 2) , but ufg-FC showed a larger ¾ pdl than FP2. On the other hand, the strain rate increased after the necking started because the tensile test was conducted with the constant crosshead speed. Therefore, such the increase in strain rate seems to affect the ·¾ relationships after necking. Figure 6 shows the reduction in area as a function of (a) total elongation and (b) ¾ pdl . The ¾ pdl became larger as the reduction in area increased, but this was not the case for the total elongation. This means that ¾ pdl is closely related to the reduction in area (the minimum radius of the neck cross section) as indicated in eq. (3), but not to a change in the gage length. The ¾ pdl is different from the total elongation despite it being for the same material. Therefore, the reduction in area seems to play an important role in the ¾ after necking in round tensile specimens. The ¾ pdl is also associated with the fracture stress. 26) In the case of a reduction in area of more than 80%, the ¾ pdl was approximately 1.7, almost independent of the reduction in area. It may be difficult to estimate the · and ¾ when the reduction in area is greater than 80% in the present experimental procedures. where K and n are constants determined from the intercept and slope of log(·)log(¾) plots. It can be seen that the slope of the log(·)log(¾) plots for materials other than bcc structures changes corresponding to the strain regimes. This means that a few constants are necessary for eq. (13) with strain regimes in order to describe the ·¾ relationships until just before fracture. The values of K and n in the Hollomon equation for each region and the transition strains are summarized in Table 3 . The transition strains were almost consistent with uniform elongation in most materials. Figure 8 shows comparisons of the se, ·¾, and · av. ¾ relationships in the 310S, 329J4L, QT3, and ufg-FC steels. The ¾ pdl for QT3 was approximately 0.8 whereas the total elongation was about 0.1 (10%). As discussed in relation to Fig. 6 , it was found that ¾ is associated with the minimum radius of the neck cross section. In the majority of experimental results, necking started at an ¾ value approximately double that of the uniform elongation. 10) This means · is equal to · av. until ¾ is double the uniform elongation in most cases.
4.3
Tensile properties in terms of the true stress and true strain at the plastic deformation limit Figure 9 shows the relationships between normalized true stress (· pdl /E) and true strain (¾ pdl ) at the plastic deformation limit in various metals and alloys. The dashed lines in Fig. 9 are contour lines of the product of · pdl /E and ¾ pdl . In the strengthelongation balance, as seen in Figs. 3 and 4 , the uniform and total elongations decrease with increasing yield and tensile strength, respectively. 26, 27) However, the good balance in Fig. 9 can be achieved in the case that both · pdl /E and ¾ pdl are large. Therefore, the 304 and 329J4L steels indicated a superior · pdl /E¾ pdl balance. Figure 10 shows the normalized yield strength (· y /E) against ¾ pdl . Not only the · pdl but also the · y is important in the ·¾ relationships up until the plastic deformation limit as the stress at which the plastic deformation starts. By replacing · pdl /E with · y /E, the strength¾ pdl balance differs between Figs. 9 and 10. The 304 and 310S steels, which showed the good balance in Fig. 9 , indicated almost the same · y /E¾ pdl balance as the 430 and FP1 steels. On the other hand, the 329J4L, 329J1, QT, and ufg-FC steels indicated a better balance in Fig. 10 . It is interesting that the · y /E¾ pdl balance of the QT steels is good despite the total elongation being small. The duplex stainless steels of 329J4L and 329J1 indicated a better balance in both Fig. 9 and Fig. 10 . This seems to be associated with dual-phase strengthening 8 ) and grain refinement strengthening 3, 4) because both steels are dual-phase steels with a grain size of less than 10 µm. The grain size is also associated with the ·¾ relationship of the ufg-FC steel. It should be noted that not only · and the strength but also ¾ increased with decreasing grain size. Good ductility 2326) and bending properties 9) of ultrafine-grained steels have been reported, and these experimental results are difficult to explain in terms of the total elongation but they are able to be discussed using the ·¾ relationship up until the plastic deformation limit. The estimated ·¾ relationships in the ufg-FC steel seem to indicate that grain refinement strengthening can improve · and ¾ up until the plastic deformation limit. Therefore, the two strengthening mechanisms, dual-phase strengthening and grain refinement strengthening, are effective for the improvement of · pdl and ¾ pdl . 26) As discussed above, the summary for the tensile properties in terms of · pdl and ¾ pdl was found to be very different from the conventional tensile properties using the tensile strength, uniform elongation, and total elongation. The · pdl /E¾ pdl balances, as seen in Fig. 9 , seem to be associated with work-hardening behavior in their estimated ·¾ relationships. The · pdl /E¾ pdl balance can be discussed in terms of the work-hardening behavior. Here, the workhardening rate at the plastic deformation limit ((d·/d¾) pdl ) was calculated by using the constants in Table 3 as Figure 11 shows the products of · and ¾ at the plastic deformation limit (· pdl © ¾ pdl ) as a function of (d·/d¾) pdl in various metals and alloys. As can be seen, the · pdl © ¾ pdl values are dependent on (d·/d¾) pdl and became larger with increasing (d·/d¾) pdl . At this time, the · pdl and ¾ pdl values for the various metals and alloys cannot be summarized by (d·/d¾) pdl . Therefore, the · pdl © ¾ pdl values are closely associated with the work-hardening behavior. It is concluded that an increasing work-hardening rate plays an important role in the accomplishment of a superior · pdl © ¾ pdl value.
Conclusions
In this study, the true stress (·) and true strain (¾) up until the plastic deformation limit (just before fracture) were estimated by the stepwise tensile tests and Bridgman equation in various metals and alloys with different crystal structures. The following conclusions were obtained from this study.
(1) The ·¾ relationships up until the plastic deformation limit with ¾ greater than 1.0 were obtained for various metals and alloys. A few values of K and n are necessary to describe the ·¾ curves using the Hollomon equation for materials that have a structure other than bcc.
(2) In the relationship between the true stress (· pdl ) and true strain (¾ pdl ) at the plastic deformation limit, SUS304 and SUS329J4L indicated a better normalized · pdl ¾ pdl balance. On the other hand, SUS329J4L, SUS329J1, QT, and ufg-FC steels showed superior results in the normalized yield strength¾ pdl balance.
(3) The estimated ·¾ relationship for the ultrafine-grained low-carbon steel (ufg-FC) suggests that grain refinement strengthening can improve · and ¾ up until the plastic deformation limit.
(4) The value of ¾ pdl became larger with the reduction in area and a decrease in the fracture stress. The products of · pdl and ¾ pdl became larger with increasing work-hardening rate at the plastic deformation limit. Fig. 11 The products of true stress and true strain (· pdl © ¾ pdl ) vs. workhardening rate at the plastic deformation limit in various metals and alloys.
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